The fatty acids, n-butyric acid (BA), 4-phenylbutyric acid (PBA) and valproic acid (VPA, 2-propylpentanoic acid) have been used for many years in the treatment of a variety of CNS and peripheral organ diseases including cancer. New information that these drugs alter epigenetic processes through their inhibition of histone deacetylases (HDACs) has renewed interest in their biodistribution and pharmacokinetics and the relationship of these properties to their therapeutic and side effect profile. In order to determine the pharmacokinetics and biodistribution of these drugs in primates, we synthesized their carbon-11 labeled analogues and performed dynamic positron emission tomography (PET) in six female baboons over 90 min. The carbon-11 labeled carboxylic acids were prepared by using 11 CO 2 and the appropriate Grignard reagents. [ 11 C]BA was metabolized rapidly (only 20% of the total carbon-11 in plasma was parent compound at 5 min post injection) whereas for VPA and PBA 98% and 85% of the radioactivity was the unmetabolized compound at 30 min after their administration respectively. The brain uptake of all three carboxylic acids was very low (<0.006%ID/cc, BA>VPA>PBA), which is consistent with the need for very high doses for therapeutic efficacy. Most of the radioactivity was excreted through the kidneys and accumulated in the bladder. However, the organ biodistribution between the drugs differed. [ 11 C]BA showed relatively high uptake in spleen and pancreas whereas [ 11 C]PBA showed high uptake in liver and heart. Notably, [ 11 C]VPA showed exceptionally high * Corresponding Authors: Sung Won Kim, PhD, Laboratory of Neuroimaging, National Institute on Alcohol Abuse and Alcoholism, Upton, NY 11973, 631-344-4398 (voice), 631-344-5815 (fax), sunny.kim@nih.gov. Jacob M. Hooker, PhD, Division of Nuclear Medicine and Molecular Imaging, Massachusetts General Hospital, Harvard Medical School, Charlestown, MA 02129, 617-726-6596 (voice), hooker@nmr.mgh.harvard.edu. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. heart uptake possibly due to its involvement in lipid metabolism. The unique biodistribution of each of these drugs may be of relevance in understanding their therapeutic and side effect profile including their teratogenic effects.
INTRODUCTION
The fatty acids, n-butyric acid (BA), 4-phenylbutyric acid (PBA), and valproic acid (VPA, 2-propylpentanoic acid) shown in Fig. 1 , have been used in the treatment of a variety of CNS and peripheral organ diseases including cancer (Table 1) . Valproic acid (Depakote) is a widely prescribed anticonvulsant and mood stabilizing drug that is used in the treatment of epilepsy and bipolar disorder [1] with more than 7 million prescriptions in the US alone. Its mechanisms of action are not fully understood, although several have been proposed including disruption of GABAergic neurotransmission, interference of brain energy and lipid metabolism and alteration of membrane order through direct incorporation into brain lipids. VPA was also recently approved for the prophylaxis of migraine and its utility as a potential therapeutic drug for HIV in humans is being investigated [2] . Furthermore, VPA has also been used as an adjunct mood-stabilizing therapy in schizophrenia [3] . PBA (Buphenyl) has been used to treat urea cycle disorders and studies have explored its therapeutic value for sickle cell anemia [4] , since increased fetal globin expression was observed in patients treated with PBA, BA [5] and VPA [6] . BA, found naturally in the colon of mammals, has been shown to be effective in reversing abnormal or transformed in vitro cell lines to normal functional and phenotypic states and has generated interest as a potential antitumor agent [7] .
Renewed interest in these drugs has emerged because of their ability to alter gene expression through histone deacetylase (HDAC) inhibition (Table 1) . HDACs remove acetyl groups from -N-acetylated lysine residues in histones. Since DNA is wrapped around histones, histone acetylation (catalyzed by histone acetyltransferases) and deacetylation (catalyzed by HDACs) is an important process in regulating gene expression. Riggs et al. first reported HDAC inhibitory activity of BA in HeLa cells in 1977 and for more than two decades, BA was the only known HDAC inhibitor [32] . More recently, PBA and VPA were also shown to be HDAC inhibitors based on the observation of hyperacetylation of histones. This suggested the potential value of HDAC as a drug target in cancer as well as non-oncogenic diseases.
It is now recognized that many of the effects of these carboxylic acids are at least in part mediated by the inhibition of HDAC [25] . These carboxylic acid drugs as well as other HDAC inhibitors are of interest for their effects in the brain including memory enhancement and neuroprotection in rodent experiments [33] and as potential treatments of drug addiction [34] . Due to their ability to inhibit HDAC, albeit at micromolar concentrations, these three carboxylic acids and their salts have undergone phase 2 clinical trials for a variety of cancers. However, the application of these acids in cancer therapy have been limited by their low potency (requiring millimolar drug concentrations in plasma) and rapid clearance requiring continuous administration of high doses to achieve suitable plasma concentrations. The in vivo targets of these acids (and derivatives) as well as the molecular mechanisms of their action in disease conditions are still not well understood. Similarly, there is little information on their CNS and peripheral organ distribution and pharmacokinetics, which may provide insight into the relationship between dosing regimens and HDAC inhibition (with chronic treatment in human) and the accumulation of the drug and/or its metabolites in brain and peripheral organs along with their potential side effects. For example, the major developmental criteria for the second generation of VPA is appropriate pharmacokinetics and biodistribution.
These gaps in knowledge have created the need to develop tools to better understand the behavior of these drugs. PET imaging, using carbon-11 radiolabeled analogues of these acids enables a noninvasive means for measuring their peripheral organ and brain penetration, pharmacokinetics and biodistribution. Such studies may provide insight into the involvement of epigenetic processes and other mechanisms in their therapeutic actions and side effects. In this article, we describe the radiosynthesis and PET imaging studies of [ 11 C]BA [35] , [ 11 C]PBA and [ 11 C]VPA. Each acid was radiolabeled with carbon-11 by reaction of the respective Grignard reagent with 11 CO 2 and then purified by semipreparative HPLC. Lipohilicity (Log D at pH=7.4) and plasma protein binding (PPB) were determined following published protocols. PET imaging studies were performed using adult female baboons to obtain the distribution and kinetics of these drugs and their labeled metabolites in the brain and in peripheral organs.
MATERIALS AND METHODS
All chemicals were obtained from Sigma Aldrich (Milwaukee, WI, USA) except for the Grignard reagents. Propyl magnesium chloride (0.5 M in THF) and phenylpropyl magnesium bromide (0.5 M in THF) were purchased from Novel Chemical Solutions (Crete, NE, USA). Sterile sodium bicarbonate solution (4.2% (wt/v)) was purchased from APP Pharmaceuticals LLC (Schaumberg, IL, USA). Anhydrous THF was prepared by distillation using sodium and benzophenone as an indicator. Radionuclide production was performed on an EBCO cyclotron (Advanced Cyclotron Systems Inc). 11 CO 2 was generated by the nuclear reaction 14 N(p, ) 11 C using a gas target containing nitrogen and oxygen. Product purification was performed using a Knauer HPLC system (Sonntek Inc., Woodcliff Lake, NJ, USA) combined with NaI radioactivity detector. For semipreparative HPLC, a Phenomenex Gemini C18 column (250×10 mm, 5 m) was used at a flow rate of 5 mL/min. For quality control of the radiolabeled products, analytical HPLC was performed using a Phenomenex Gemini C18 column (250×4.60 mm, 5 m) at a flow rate of 1 mL/min, equipped with a Knauer HPLC system (a model K-1001 pump, a variable wavelength UV detector, a NaI radioactivity detector). HPLC mobile-phase systems consist of three sets: method A, aqueous formic acid (0.1%)/MeCN=85/15; method B, aqueous formic acid (0.1%)/ MeCN=55/45; method C, aqueous formic acid (0.1%)/MeCN=50/50. Radiolabeled products were analyzed by comparison of retention times with a standard unlabeled compound by HPLC via coinjection using UV absorbance at 214 nm (BA, VPA) and 254 nM (PBA). Radiochemical purity was also determined by thin-layer chromatography (TLC) measuring radioactivity distribution on Macherey-Nagel POLYGRAM® SIL G/UV254 TLC plates with a Bioscan System 200 Imaging Scanner (Bioscan Inc., Washington, DC). All radiochemical yields are decay-corrected at the end of cyclotron bombardment.
Synthesis of 4-Heptylmagnesium Bromide (1)
Magnesium turnings (0.203 g, 8.4 mmol) and two crystals of iodine were added to a flamedried three-neck flask under argon atmosphere. After adding anhydrous THF (5 mL), the mixture was heated to 35°C until the suspension turned colorless. 4-Bromoheptane (1.0 g, 5.6 mmol) was dissolved in anhydrous THF (6 mL) and added dropwise at 35°C over a time period of 30 min. The reaction mixture was stirred for further 45 min and cooled to room temperature. The Grignard reagent 1 was stored at room temperature under argon atmosphere and was used directly as precursor in the radiosynthesis.
Radiosynthesis of [ 11 C]Butyric Acid
At the end of bombardment (EOB), cyclotron-produced 11 CO 2 was trapped on molecular sieves 4Å (Alltech, 80-100 mesh), released in a slow stream of helium at 380 °C, and then passed through into a solution of propylmagnesium chloride in THF (0.5 M, 200 L) at room temperature. After the measured carbon-11 radioactivity plateaued, the reaction mixture was quenched by addition of water (300 L), followed by hydrochloric acid solution (6 N, 100 L) and sodium hydroxide solution (6 N, 50 L) sequentially. The mixture was diluted with HPLC eluent (H2O (0.1% formic acid)/MeCN=85:15, 1 mL), vortexed and injected into the semi-preparative reversed phase HPLC system (method A). The product was collected at the expected retention time (t R = 11.0 min), and the solvent was removed by rotary evaporation under reduced pressure to give decay corrected 31-50% radiochemical (specific activity, 0.2-1 Ci/ mol at EOB). In order to avoid evaporation of [ 11 C]BA, sterile sodium bicarbonate solution (4.2% (wt/v), 0.5 mL) was added before rotary evaporation. After evaporation to dryness the product was dissolved in sterile water (4 mL) and passed through an Acrodisc® Syringe filter (0.2 m Supor® membrane) into a sterile multi-injection vial (MIV) ready for animal study. For quality control, radiochemical purities were measured by analytical HPLC (method A, aqueous formic acid(0.1%)/ MeCN=85/15; t R 10.5 min) and radio TLC. TLC was accomplished with the eluent (dichloromethane/MeOH=85/15) and the Rf value of 0.50 for the carbon-11 labeled butyric acid, which is consistent with the unlabeled product detected by exposure of the plate to iodine vapor.
Radiosynthesis of [ 11 C]-4-Phenylbutyric Acid
Carbon-11 labeled 4-phenylbutyric acid was prepared according to the synthetic procedure of [ 11 C]BA using 3-phenylpropylmagnesium bromide in THF (0.5 M, 200 L) in a heat dried V-shaped vial at room temperature. The reaction was quenched by addition of water (300 L), 6 M hydrochloric acid solution (100 L) and 6 M sodium hydroxide solution (50 L), vortexing after each addition. The mixture was diluted with HPLC eluent (H2O (0.1% formic acid)/MeCN=55:45, 1 mL), and purified by the semi-preparative reversed phase HPLC system (method B). The retention time of [ 11 C]PBA was 11.1 min and decay corrected radiochemical yield was 40-55% (specific activity, 0.2-0.8 Ci/ mol at EOB). For radiochemical purity analysis, eluent system of radioTLC was dichloromethane/ MeOH=85/15 and Rf of [ 11 C]PBA was 0.66, which is consistent with the unlabeled product. The mixture was diluted with HPLC eluent (H2O (0.1% formic acid)/MeCN = 50:50, 1 mL) and purified using a semipreparative reversed phase HPLC system (method C). To the collected product fraction (tr= 9.3 min) was added sterile sodium bicarbonate solution (4.2 % (wt/v), 0.5 mL). After evaporation to dryness the product was dissolved in sterile water (4 mL) and passed through an Acrodisc ® Syringe filter (0.2 m Supor® membrane) into a sterile multi-injection vial (MIV) ready for animal study. For quality control, radiochemical purities were >98% by analytical HPLC (method C; t R , 8.5min) and radio TLC (eluent, dichloromethane/MeOH=85/15; R f , 0.75).
Radiosynthesis of [ 11 C]Valproic Acid
[ 11 C]valproic acid was obtained in a decay-corrected radiochemical yield of 38-50%.
Measurement of Log D and Free Fraction in Plasma
Lipophilicity at pH= 7.4 (Log D 7.4 ) and free fraction of baboon plasma protein binding for each of the carbon-11 labeled compounds were measured according to reported procedures [36] .
PET studies in Non-Human Primates
Dynamic PET studies were performed in six female baboons in whom we imaged brain and peripheral organs. All studies were approved by the Brookhaven Institutional Animal Use and Care Committee. Baboon preparation was similar to prior studies [36] . Briefly, baboons were anesthetized with ketamine (im, 10 mg/Kg) and placed into the PET scanner (Siemens HR+, whole-body PET scanner; resolution, 4.5×4.5×4.8 mm at the center of field of view) for positioned to image either the brain or the thorax and abdomen. Anesthesia was maintained with a mixture of oxygen (800 mL/min), isoflurane (Forane, 1-4%) and nitrous oxide (1500 mL/min) throughout the duration of the PET scan. After acquiring a transmission scan using a 68 Ge source, the radiotracers were injected intravenously as a bolus into the radial vein. Throughout the scan arterial blood samples were obtained from the popliteal artery to measure the total concentration of carbon-11 and the fraction present as parent carbon-11 labeled carboxylic acid in plasma. Procedures and frequency of blood sampling were performed as previously reported [36] . Briefly, plasma samples were added to either acetonitrile (0.5 mL) for 
RESULTS AND DISCUSSION
Radiochemistry, Log D, and PPB The radiochemical purity measured by reversed phase HPLC and TLC were greater than 98% for all carbon-11 labeled acids. The entire process from the end of bombardment to final formulation was accomplished within 40 minutes. The lipophilicity at physiological pH was low and free fraction in plasma was variable regardless of the compound lipophilicity as shown in Table 2 . The values for the percent free fraction of VPA in plasma for the baboons in this study are a little higher than those reported in a study in epilepsy patients where only 9-15% of free VPA was found after intravenous infusions [37] .
PET Studies: Plasma Analysis
The fraction of intact [ 11 C]BA in plasma decreased rapidly to less than 20% within 5 min after injection, resulting in a very low area under the curve (AUC) compared with the two other carboxylic acid drugs ( Fig. 2 and 3) . Extensive metabolism and fast clearance of BA have been reported in human trials [38] , suggesting that continuous iv infusion rather than oral administration seems to be the most effective method for drug administration of BA. In contrast, [ 11 C]VPA showed the highest intact fraction in plasma (>90% over 90 min) and dose-normalized AUC, consistent with the relatively longer-half-life of VPA than that of BA and PBA. PET images reflect the presence of both the parent labeled drug and its labeled metabolites. The contribution of labeled metabolites to all carbon-11 uptake in PET images is likely to be even more significant in the liver and kidney than in other organs. However, due to relatively high fraction of carbon-11 activity present as intact VPA in plasma, we conclude that the uptake of carbon-11 in the brain and peripheral organs other than liver represents closely the pharmacokinetics of VPA.
PET Studies: Biodistribution in Peripheral Organs
In peripheral organs, [ 11 C]BA and [ 11 C]PBA (and/or their labeled metabolites) showed quite different distributions (Fig. 6) . [ 11 C]BA and its labeled metabolites uptake was high in spleen and pancreas and very low in heart, while [ 11 C]PBA uptake was high in liver and moderate in heart (Fig. 4) . The excretion of [ 11 C]PBA and/or its labeled metabolites occurred predominantly through the kidneys. [ 11 C]BA also showed high uptake in vertebrae which was not observed for PBA nor VPA. It is notable that BA was clinically tested for the treatment of leukemia though it failed due to low bioavailability [38] . For VPA, which has been extensively used for the treatment of epilepsy, mood disorders and more recently migraine, the most recognized side effects are hepatotoxicity [39] and teratogenicity [40] .
The high liver uptake of [ 11 C]VPA is consistent with its reported extensive hepatic metabolism (Fig. 6 ) [41] . VPA's metabolites are considered to be responsible for its hepatotoxicity and thus its high uptake and relatively slow clearance following the initial peak and fast clearance could reflect the hepatic accumulation of these metabolites. While VPA toxicity has been attributed to its metabolites, its actions as a HDAC inhibitor are likely to contribute to its teratogenic effects, which include spina bifida, autism, cardiac, craniofacial, skeletal and limb defects. Most importantly, the heart had a remarkably high uptake of VPA, which may be due to lipid metabolism in the heart. We note that heart block and fetal heart deformities have been reported in the offspring of mothers who were given high doses of VPA during pregnancy [42] . Kaneko et al. observed placental transfer of VPA to fetus in human [43] . The extent to which epigenetic processes including HDAC inhibition may contribute to its teratogenic effects on the fetal heart merit further investigation.
PET studies: Brain Pharmacokinetics
Low carbon-11 brain uptake (~0.006%ID/cc) was observed for . The brain uptake of VPA was also very low (0.004 %ID/cc), which most likely explains the very high doses needed for therapeutic efficacy (750 to 3,000 mg per day). Based on known VPA plasma concentration in therapeutic dose (50 g/mL to 100 g/mL) [44] and brain/plasma ratio (B/ P) in brain tumor patients (0.068-0.28) [45] , therapeutic concentration of VPA in the brain would range between 3.4-28 g/mL. In our study, B/P of [ 11 C]VPA was 0.08-0.12, which is within the reported range. However, the brain concentration is likely to be even lower considering the contribution from partial blood volume (~5% in the brain). The low brain uptake may also explain why therapeutic effects require several days of dosing since repeated dosing would result in drug accumulation in plasma including saturation of proteins that bind it thus allowing for a higher free drug to be available to the brain [46] . Currently, even though BA, VPA, and PBA because of their HDAC inhibiting effects have generated significant interest as potential strategies for improving memory [47] and learning including its remediation in neurodegenerative diseases [48] , high doses are necessary due to low brain uptake.
CONCLUSION
Little information is available on the biodistribution and pharmacokinetics of the fatty acids, BA, PBA and VPA, though these acids have used for many CNS and peripheral diseases and are still currently undergoing clinical trial for their second generation analogues to circumvent side effects. The PET studies in baboons presented here document the first in vivo data regarding the pharmacokinetics and whole body distribution of VPA, BA, and PBA. All three carbon-11 radiolabeled acids demonstrated poor brain uptake but varied metabolic rates and peripheral distribution. They provide new information on drug/ metabolite disposition in brain and peripheral organs, which is relevant to the therapeutic and the side-effect profiles of these drugs. When considered in light of HDAC inhibition suggests that prolonged epigenetic effects (with chronic treatment in humans) may play a role in their therapeutic action. Of particular interest is the high and prolonged heart uptake of carbon-11 after the administration of VPA, which is consistent with its cardiac side effects and high heart teratogenicity during pregnancy.
FIG. 1.
Synthesis scheme of C-11 labeled of butyric acid (BA), valproic acid (VPA), 4-phenylbutyric acid (PBA). (a) [ 11 C]CO 2 ; (b) Mg/THF; *, carbon-11 labeled carbon.
FIG. 2.
The time-AUC plots of averaged non-metabolized carbon-11 labeled carboxylic acids in baboon plasma. 
FIG. 3.
The percentage of unchanged carbon-11 labeled carboxylic acids in baboon plasma. Time-activity curves of [ 11 C]VPA in peripheral organs.
FIG. 7.
Time-activity curves of the three carbon-11 labeled carboxylic acids in the baboon brain. BA, butyric acid; PBA, 4-phenylbutric acid; VPA, valproic acid. 
